The Hepatitis C virus (HCV) belongs to the genus Hepacivirus within the family Flaviviridae (52) . At least six different HCV genotypes exist which show specific geographical distributions. For each genotype, a series of more closely related subtypes have been described that differ from one another by 20 to 25% in their nucleotide sequence. HCV has an ϳ9.6-kb single-stranded RNA genome of positive polarity (for a review, see reference 4). The genome is flanked by highly structured nontranslated regions (NTRs) important for both RNA translation and replication. Within the 5Ј NTR, an internal ribosome entry site (IRES) has been identified that permits expression of the viral proteins in the absence of a cap structure (44) . The HCV genome encodes a large, single polyprotein of approximately 3,000 amino acids that is co-and posttranslationally cleaved by cellular and viral proteinases into 10 polypeptides (core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The production of an additional viral protein by ribosomal frameshift has also been reported (53, 57) , but its function remains to be defined.
Worldwide, about 170 million individuals have been infected with HCV; in Ͼ80% of all cases, the virus establishes a persistent infection (56) which frequently leads to chronic liver disease with liver fibrosis, cirrhosis, and eventually hepatocellular carcinoma (24, 50) . The most advanced therapy for hepatitis C patients currently consists of polyethylene glycol-conjugated alpha interferon (IFN-␣) and ribavirin, but this treatment has its limitations (37) . One problem is the relatively poor response of patients infected with certain HCV genotypes. For example, only 50% of patients infected with genotype 1 mount a sustained viral response, whereas 80 to 90% of those infected with genotype 2 and genotype 3 viruses can do so. The correlation between therapy success and the infecting genotype suggests the involvement of viral factors, but the underlying molecular mechanism(s) is not yet understood.
IFNs are a rather diverse class of cytokines with key functions in the innate immune response to viruses (18, 43, 47) . Two types of IFNs can be distinguished that have partially overlapping biological properties. Type I IFNs are secreted by most virus-infected cells and by a highly specialized leukocyte population, termed natural IFN-producing cells (8) . The human genome contains several IFN genes including 12 IFN-␣ subtypes and IFN-␤. In contrast, the expression of the only type II IFN, IFN-␥, is restricted to immune cells, such as activated T lymphocytes and natural killer (NK) cells. IFNs bind to highly specific cell surface receptors, which trigger the phosphorylation and nuclear translocation of certain latent transcription factors, known as signal transducers and activators of transcription (STATs). Type I IFNs bind to the IFN-␣ receptor, which leads to the formation of IFN-stimulated gene factor 3 (ISGF-3), a heterotrimer consisting of STAT1, STAT2, and IFN response factor 9/p48 that activates gene transcription via binding to the IFN-stimulated response element. A similar signaling pathway has been described for IFN-␥. In this case, the gamma activation factor, a phosphor-ylated STAT1 homodimer, is translocated to the nucleus where it enhances gene expression by binding to the gamma activation site (GAS). Besides these well-established pathways, alternative pathways have been described, but their contribution to the antiviral activity of IFN remains to be further elucidated (43) .
Type I IFNs execute their antiviral activities through the induction of proteins such as the MxA guanosine triphosphatase, the double-stranded RNA-activated protein kinase (PKR), or the 2Ј-5Ј oligoadenylate synthetase (OAS). These effector proteins may interfere with distinct steps in viral replication or trigger the degradation of viral RNAs. By contrast, IFN-␥ predominantly induces the expression of proteins with systemic functions such as those involved in antigen processing and presentation (e.g., major histocompatibility complex class II). In addition, IFN-␥ induces the expression and release of chemokines that activate and orchestrate the adaptive immune response (e.g., inducible protein 10 [IP10]). However, IFN-␥ may also contribute to the establishment of an antiviral state by the induction of proteins with direct antiviral activities (19) .
By using Huh-7 cells that contain selectable, self-replicating HCV RNAs (replicons), it has been shown that recombinant IFN-␥ inhibits HCV replication (9, 14) . The idea that IFN-␥ enforces the critical first line of defense in the HCV-infected liver was further elaborated by Li and coworkers, who demonstrated in a coculture experiment that NK cells blocked HCV replication in Huh-7 cells through the secretion of IFN-␥ (31) . Clinical data are limited, and whether or not hepatitis C patients benefit from IFN-␥ administration is still controversial (17) . Nevertheless, it is interesting to note that type I and type II IFNs inhibit HCV RNA replication in Huh-7 cells in a highly synergistic manner (30, 42) . Given the power of combination therapies in the treatment of persistent virus infections, it might be rewarding to elucidate the mechanism(s) responsible for the observed synergistic antiviral effects of IFN-␣/␤ and IFN-␥, e.g., whether IFN-␣ and IFN-␥ induce the expression of type-specific effector proteins that may interfere with different steps of the HCV life cycle.
Here, we report on a new host cell line for HCV replication. We show that the human hepatoblastoma cell line HuH6 supports persistent replication of Con1 (genotype 1b) and JFH-1 (genotype 2a) replicons. In line with previous studies in which Huh-7 cells were used as hosts for HCV replicons (5, 32, 34) , we show that HCV replication in HuH6 cells depends on the presence of cell culture-adaptive mutations and host cell permissiveness. Compared with Huh-7 cells, however, HCV replication in HuH6 cells is independent from ongoing cell proliferation, less sensitive to certain NS5B-specific antiviral compounds, and highly resistant to IFN-␥. These differences make HuH6 cells an interesting new tool for HCV research.
MATERIALS AND METHODS

Cells and viruses.
The human liver cell lines HuH6 and Huh-7 were originally described by Doi (12) and Nakabayashi et al. (41) , respectively. Some background information on these cell lines including the human leukocyte antigen (HLA) type is given in Table 1 . Naive HuH6 cells were kindly provided by Brent E. Korba (Division of Molecular Virology and Immunology, Georgetown University Medical Center, Rockville, MD). Naive Huh-7 cells and the Huh-7 cell clone 9-13 (containing the subgenomic HCV Con1 replicon I 377 /NS3-3Ј) have been described previously (33) . Cells were grown in Dulbecco's modified minimal essential medium (Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal calf serum, 2 mM L-glutamine, nonessential amino acids, 100 U of penicillin G/ml, and 100 g of streptomycin/ml. For cells with HCV replicons, the culture medium was additionally supplemented with 500-to 1,000-g/ml G418 (Life Technologies).
The mammalian cell-adapted variant FPV-B of the influenza A virus (FLUAV) strain A/FPV/Dobson/34 (H7/N7) has been described previously (25) . The prototype strain of Semliki Forest virus (SFV) was kindly provided by Georg Kochs (Department of Virology, University of Freiburg, Freiburg, Germany). FLUAV and SFV stocks were grown on Vero cells and contained 2.0 ϫ 10 7 PFU/ml and 2.0 ϫ 10 8 50% tissue culture infective doses/ml, respectively (virus concentrations were determined with Vero cells).
The HCV replicons I 341 PI-Luc/NS3-3Ј/Con1/ET and I 341 PI-Luc/NS3-3Ј/Con1/ GND and the corresponding pFK plasmids were described previously (32) . The nucleotide exchanges T3472C, A4531G, C5474G, and C7754T were introduced into pFK-I 341 PI-Luc/NS3-3Ј/Con1/ET and pFK-I 389 neo/NS3-3Ј/Con1/ET by sitedirected mutagenesis. JFH-1 replicons with a genome organization identical to that of the Con1 replicons I 389 Neo/NS3-3Ј/wt and I 389 Neo/NS3-3Ј/⌬GDD were transcribed by using plasmids pSGR-JFH1 and pSGR-JFH1/⌬GDD, respectively (26) . Both plasmids were kindly provided by Takaji Wakita (Department of Microbiology, Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan). The newly constructed plasmids pFK-I 341 PI-Luc/NS3-3Ј/JFH1 and pFK-I 341 PI-Luc/NS3-3Ј/JFH1/⌬GDD contain the T7-promoter sequence fused to the 5Ј NTR of the JFH-1 consensus sequence, followed by the poliovirus IRES (PI), the firefly luciferase gene, the encephalomyocarditis virus IRES, the NS3-to-5B coding sequence and the 3Ј NTR of JFH-1, the hepatitis delta virus genomic ribozyme, and the T7 terminator sequence. Plasmid pFK-I 341 PI-Luc/NS3-3Ј/JFH1 was constructed by replacing the Con1 and EMCV sequences of pFK-PI-Luc/NS3-3Ј/ET (32) by corresponding sequences derived from pSGR-JFH1. Plasmid pFK-I 341 PI-Luc/NS3-3Ј/JFH1/⌬GDD has an in-frame deletion of 10 amino acids (MLVCGDDLVV) encompassing the GDD motif of NS5B (underlined) and was generated by replacing the sequence between the KpnI and AscI restriction sites in pFK-I 341 PI-Luc/NS3-3Ј/JFH1 by a corresponding fragment derived from pSGR-JFH1/⌬GDD.
Interferons and other chemicals. Recombinant human IFN-␣2 and IFN-␥ were purchased from Roche Molecular Biochemicals (Basel, Switzerland). Roscovitine was obtained from Sigma-Aldrich (Deisenhofen, Germany). Nucleosidic and nonnucleosidic NS5B-specific inhibitors were kindly provided by Gerhard Pürstinger (Institute of Pharmacy, University of Innsbruck, Innsbruck, Austria) and Piet Herdewijn and Johan Neyts (both from the Laboratories of Medicinal Chemistry and Virology, Rega Institute for Medical Research, Leuven, Belgium).
Generation and transfection of HCV RNAs. The generation of HCV RNAs by in vitro transcription and conditions of electroporation have been described previously (33) .
Virus plaque assay. Cell monolayers in six-well microplates were infected for 1 h at 37°C with serial 10-fold dilutions of FLUAV and SFV stocks in medium containing 2% fetal calf serum and 20 mM HEPES (pH 7.3). The virus inoculum was removed, and medium containing 2% fetal calf serum, 20 mM HEPES (pH 7.3), and 0.4% SeaPlaque GTG agarose (BioWhittaker Molecular Applications, Walkersville, ME) was added. Plates were further incubated for 3 days, agarose was removed, and cells were stained with a solution of 1% crystal violet, 3.6% formaldehyde, 1% methanol, and 20% ethanol.
Western blot analysis. Total cell extracts were prepared, samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins were transferred to microporous polyvinylidene difluoride membranes (Perkin Elmer, Boston, MA). HCV nonstructural proteins were specifically immunostained by the use of polyclonal rabbit antisera directed against NS3 (2), NS4B (35), NS5A (2), and NS5B (3) .
Northern blot analysis. Details of this method have been described previously (34) . Replicon and ␤-actin RNAs were detected by using a 32 P-labeled negativesense riboprobe complementary to the neo gene and a riboprobe complementary to ␤-actin mRNAs, respectively. HCV-and ␤-actin-specific signals were quantified, and HCV signals were corrected for total RNA amounts loaded in each lane of the gel.
Immunofluorescence analysis. Cells grown on glass coverslips were fixed with 3% paraformaldehyde and permeabilized with 0.5% Triton X-100. Immunostaining was performed according to standard protocols. NS4B was detected by using a specific rabbit antiserum (35) , and STAT1 was immunostained with a mouse monoclonal antibody recognizing the C terminus of the protein (BD Biosciences, San Diego, CA). Bound antibodies were visualized by using goat antibodies conjugated to the cyanine dye Alexa 488 (Molecular Probes, Eugene, OR). Cellular DNA was stained with 4,6-diamidino-2-phenylindol dihydrochloride (DAPI; Molecular Probes).
Luciferase assays. Transient HCV RNA replication was determined by quantification of luciferase reporter activities as described previously (29) . Briefly, 4 ϫ 10 6 cells were transfected with 5 g in vitro-transcribed RNA and resuspended in 12 ml culture medium, and 2-ml aliquots were seeded per well of a six-well plate for the determination of 4-and 24-h luciferase values. In case of 48-and 72-h values, only 1-ml aliquots were seeded to prevent the cells from becoming confluent before the time of harvest (subsequently, luciferase values were multiplied by a factor of 2).
RNA quantification by reverse transcription-PCR (RT-PCR).
The HCV Con1 and JFH-1 RNA concentrations were determined by using the ABI PRISM 7000 Sequence Detector system (Applied Biosystems, Foster City, CA) essentially as described previously by Vrolijk et al. (54) Database accession numbers. Effector gene-specific PCR primers were selected with the following database accession numbers: AI337069 (cig5), NM_005101.1 (G1P2), NM_022873.1 (G1P3), NM_002053.1 (GBP1), NM_004120.2 (GBP2), NM_005532.1 (IFI27), NM_001549.1 (IFIT4), NM_012420.1 (IFIT5), NM_ 001565.1 (IP10), NM_002462.1 (MxA), NM_002534.1 (OAS1), NM_002535.1 (OAS2), NM_002759.1 (PKR), NM_007315.1 (STAT1), and BC002704.1 (sim-STAT1).
RESULTS
HuH6 cells support persistent HCV RNA replication. In an attempt to identify new host cells for HCV replication, we transfected Hep-3B, Hepa1-6, HepG2, HuH6, PLC/PRF/5, and HeLa cells with the following mixture of in vitro-transcribed Con1 replicons (cell culture-adaptive mutations are specified in parentheses): I 389 /NS3-3Ј/wt, I 389 /NS3-3Ј/ET (E1202G, T1280I, and K1846T), I 389 /NS3-3Ј/5.1 (E1202G, T1280I, and S2197P), and I 389 /NS3-3Ј/5B (R2884G). Although this approach was repeated several times, an increased number of G418-resistant colonies was only observed with HuH6 cells (for comparison, cells were also transfected with replicationdefective HCV RNAs). Because we experienced difficulties in expanding G418-resistant HuH6 cell colonies, all cell clones (six clones) were pooled, further propagated, and subjected to Northern blot analysis. As shown in Fig. 1A , we detected positive-strand HCV RNAs of the expected size in HuH6 Con1 replicon cells. Subsequently, we used Western blotting to demonstrate the expression of NS3, NS4B, NS5A, and NS5B in these cells (Fig. 1B) . Furthermore, the expression of NS3 and NS4B was confirmed by indirect immunofluorescence (data not shown and Fig. 1, respectively) . Note that the punctate staining pattern of NS4B is very similar to what has previously been described as an indicator of the formation of the membranous web, which is the site of viral RNA replication (39) . Taken together, these results demonstrate that HuH6 cells support persistent replication of HCV Con1 RNAs.
Cell culture-adaptive mutations enhance HCV Con1 replication in HuH6 cells. A mixture of four different Con1 replicons was used to establish the HuH6 Con1 replicon cell line. We reasoned that the replicon with the highest replication efficiency in HuH6 cells would become the dominant RNA species during colony formation and subsequent propagation of the cell pool. To address this hypothesis, total RNA was prepared from HuH6 Con1 replicon cells, and the HCV coding sequence was amplified by RT-PCR, cloned, and sequenced. All amplicons contained the so-called ET combination of cell culture-adaptive mutations (E1202G, T1280I, and K1846T) that has previously been identified to most efficiently enhance HCV Con1 replication in Huh-7 cells (32). This finding suggests that the ET mutations boost HCV RNA replication not only in Huh-7 but also in HuH6 cells. To verify this hypothesis, a transient replication assay was performed in which we analyzed a set of mutations known to enhance HCV replication in Huh-7 cells (32) . To that end, we used HuH6 Con1 replicon cells that had been treated (cured) with IFN-␣2 (for details, see below). As with Huh-7 cells, we found that individual cell culture-adaptive mutations and a combination of two mutations in the NS3 coding region only slightly enhanced HCV replication ( Fig. 2A , gray columns), whereas certain combinatory substitutions in NS3 and NS4B (ET) or NS3 and NS5A (5.1) had a much stronger stimulatory effect (black columns). Interestingly, the order of efficiency by which these adaptive mutations enhance HCV replication in HuH6 cells exactly reflects the one previously observed with Huh-7 cells (32) . To further corroborate our findings, we analyzed the efficiency by which ET and 5.1 mutations enhanced HuH6 cell colony formation under the selective pressure of G418. We calculated that the transfection of 5 g of the Con1 replicon I 389 /NS3-3Ј/ET and I 389 /NS3-3Ј/5.1 resulted in the formation of approximately 75 to 150 and 50 to 100 cell colonies, respectively (data not shown). For comparison, we also transfected the cells with the JFH-1 replicon I 389 Neo/NS3-3Ј/wt, a genotype 2a replicon that has been shown to replicate in a variety of cell lines (see below). This time, the transfection of 1 g of in vitro-transcribed replicon RNA yielded 600 to 700 colonies (data not shown), suggesting that as with Huh-7 cells, JFH-1 replicons replicate more efficiently than Con-1 replicons (26) .
To analyze whether efficient HCV Con1 replication in HuH6 cells requires the accumulation of additional, cell-typespecific mutations, we cloned and partially sequenced replicons from HuH6 Con1 cells. However, owing to a very high degree of sequence diversity, no firm conclusions about adaptive mutations could be drawn (data not shown). Therefore, we cloned and sequenced replicons from a single HuH6 cell clone that had been selected after transfection of the Con1 replicon I 389 / NS3-3Ј/ET. This time, we encountered a much lower degree of sequence diversity, which enabled us to identify four conserved mutations within the coding sequence of NS3, NS4A, and NS5B. When individually tested by a colony formation assay (which is the most sensitive assay for evaluating the effect of viral mutations on HCV replication and the metabolism of the host cell), none of these mutations was found to significantly enhance HCV replication (Fig. 2B ). On the contrary, the I1044T mutation slightly reduced HCV replication. Thus, these mutations seem not to represent true cell culture-adaptive mutations. We cannot, however, exclude cooperative effects because combinations of these mutations were not tested. Increased permissiveness of cured HuH6 cells. Huh-7 cells that once hosted HCV replicons but later lost them due to antiviral treatments may more readily support HCV replication than naive cells (6, 15, 40) . This observation prompted us to propagate HuH6 Con1 replicon cells for a period of 4 weeks with 100-IU/ml IFN-␣2, which was followed by an additional incubation period of 2 weeks without the cytokine (to enable the cells to restore normal gene expression). As a consequence, HCV RNA levels dropped below Northern hybridization detection limits (data not shown), but residual amounts of HCV RNAs could be detected by a more sensitive assay (see below). Nevertheless, we analyzed the permissiveness of cured HuH6 cells to newly transfected HCV RNAs in a series of experiments. We first performed transient replication assays. Cured HuH6 Con1 replicon cells and naive control cells were transfected with in vitro-transcribed Con1 replicons encoding a luciferase reporter, which allows a sensitive and precise quantification of HCV RNA replication (16) . At several time points after transfection, cells were harvested and lysed, and luciferase assays were performed. Based on the data shown in Fig. 3A , we calculated the ratios between luciferase activities in cells with replication-competent and -incompetent replicons. (10, 26, 27) . To analyze the replication efficiency of JFH-1 replicons, we constructed a second generation of subgenomic JFH-1 replicons that contain the firefly luciferase gene under the control of the poliovirus IRES element (for details, see Materials and Methods) and transfected these replicons along with Con1 replicons of the same design into cured HuH6 Con1 cells. Based on the luciferase data shown in Con1 replicons and seeded into multiple cell culture dishes. After 4 and 48 h, cells were lysed and replication was quantified by measuring the luciferase activities. To correct for different transfection efficiencies, the 4-h values were set to 100%, and percentages of corresponding 48-h values were calculated. Column colors indicate the absence of cell culture-adaptive mutations (white), their presence in the coding sequence of a single (gray), or two different viral proteins (black). wt, wild-type Con1 sequence; GND, replicon with an inactivating mutation in the GDD motif of NS5B; NS3, replicon with E1202G and T1280I mutations in the protease domain of NS3; NS4B, replicon with K1846T mutation in the center of NS4B; NS5A, replicon with the S2204I mutation in NS5A; NS3ϩ4B, replicon with the ET combination of mutations in NS3 and 4B (E1202G, T1280I, and K1846T); NS3ϩ5A, replicon with the 5.1 combination of mutations in NS3 and 5A (E1202G, T1280I, and S2204I). The result of a single representative experiment is shown. (B) Colony formation assay to analyze the effect of conserved mutations that had been identified in HuH6 cells after the transfection of the Con1 replicon I 389 Neo/NS3-3Ј/ET. Naive HuH6 cells were electroporated with in vitro-transcribed replicons that contained either the ET combination of adaptive mutations, an inactivating mutation in the GDD motif of NS5B, or the ET combination of adaptive mutations plus one of the newly identified nucleotide substitutions: T3472C (I1044T in NS3), A4531G (K1397R in NS3), C5474G (A1712V in NS4A), or C7754U (silent mutation in NS5B). After the transfection, cells were seeded in 10-cm dishes, cultured for 4 weeks in the presence of 800-g/ml G418, cultured for 2 additional weeks in the presence of 500-g/ml G418, fixed, and stained with Coomassie blue. The positions of nucleotide/amino acid exchanges cited above refer to those in the Con1 consensus genome (EMBL database accession number AJ238799).
shown). These results confirm previous findings, which indicate that the JFH-1 genome has an unusually high rate of replication. Furthermore, the results established cured HuH6 cells as a new host cell line for those HCV genomes that replicate less efficiently than the JFH-1 genome. It should, however, be noted that the increased susceptibility of cured cells to HCV replicons is a rather unstable phenotype which wears off with increasing passage numbers (data not shown).
Next, we performed a colony formation assay in which naive and cured HuH6 cells were transfected with in vitrotranscribed RNAs of the Con1 replicon I 389 Neo/NS3-3Ј/ET or a replication-incompetent mutant. Furthermore, cells Note that in all cases, similar numbers of HCV RNA molecules were used. As a control, we also transfected equivalent amounts of RNA that were isolated from naive control cells. About 24 h after transfection, cells were subjected to G418 selection; 4 weeks later, colonies were fixed and stained (Fig. 3C) . The unexpected finding that cured HuH6 replicon cells formed G418-resistent colonies after the transfection of replication-defective replicons and total RNA from naive HuH6 cells indicated the presence of HCV RNAs that had survived the previous treatment with IFN-␣2. To exclude that the observed G418 resistance of cured HuH6 replicon cells was due to the integration of residual template DNA into the host cell genome, we performed a neo-specific PCR. In a pool of Ͼ200 G418-resistent HuH6 replicon cell colonies, we could not detect any neo DNA (data not shown), suggesting that G418 resistance in these cells was indeed conferred by surviving HCV replicons. This is remarkable because a similar IFN-␣ treatment was sufficient to almost completely cure Huh-7 cells from HCV RNAs (data not shown).
With naive HuH6 cells, we observed similar numbers of cell colonies after transfection of I 389 Neo/NS3-3Ј/ET replicons, irrespective of whether the replicon RNAs were synthesized in vitro or in replicon cells. The colony size, however, was significantly larger after the transfection of total RNA from HuH6 Con1 replicon cells. The same was observed with cured HuH6 Con1 replicon cells but not when HuH6 cells were transfected with total RNA from Huh-7 replicon cells (data not shown). The transfection of HepG2 cells with total RNA from HuH6 replicon cells also resulted in the formation of unusually large colonies (data not shown). It is therefore tempting to speculate that cotransfected host cell mRNAs present in HuH6 Con1 replicons cells but not (or to a much smaller number) in naive HuH6 cells may have caused this effect. Alternatively, celltype-specific adaptive mutations may exist only in a small proportion of replicons that escaped our attempt to identify such mutations through the sequencing of cDNA clones (see above). Finally, we cannot exclude the possibility that the HCV replication machinery produced replicon RNAs which initiated viral replication more efficiently than in vitro-transcribed RNAs.
HCV RNA replication in HuH6 is not cell growth dependent. A peculiarity of Huh-7 replicon cells is that viral RNA concentrations drop dramatically when cells become confluent (20, 45) , a phenomenon that has been ascribed to a cell cycledependent activation of the HCV IRES (22) . To determine the efficiency of HCV replication in nondividing HuH6 cells, we performed a time course experiment in which we followed HCV RNA concentration in a growing cell culture over the point of confluence. The Northern blot analysis shown in Fig. 4A and B revealed that subconfluent and confluent HuH6 Con1 replicon cells contained similar amounts of HCV RNAs.
In an additional experiment, we blocked cell growth by roscovitine, a potent and selective inhibitor of cdc2 and certain other cyclin-dependent kinases (11, 38) . As expected, a treatment with 20 M roscovitine largely blocked proliferation of both HuH6 and Huh-7 replicon cells (data not shown). Furthermore, we observed that HCV RNA levels in HuH6 cells did not change during the experiment, whereas roscovitine-treated Huh-7 cells quickly lost their replicons (Fig. 4C and D, respectively) .
The findings suggest an unhindered HCV replication in nondividing HuH6 cells, an increased stability of HCV RNAs in HuH6 cells compared to Huh-7 cells, or a combination of both. To discriminate between these possibilities, we blocked HCV replication by using highly specific NS5B inhibitors and determined the effect of the antiviral treatment on RNA stability by quantitative, real-time RT-PCR. First, we incubated HuH6 and Huh-7 replicon cells with 2Ј-C-methyladenosine, a nucleoside analogue that functions as a chain terminator of newly synthesized HCV RNAs (7, 51) . The results shown in Fig. 5A and B demonstrate that 1 M of the drug inhibits HCV replication in both cell lines. As a consequence, we observed a decrease in the amount of replicon RNA in HuH6 and Huh-7 5) were analyzed by using a riboprobe complementary to the neo gene (top) or to ␤-actin mRNAs (bottom). Different amounts of in vitro transcripts were used as standards (lanes 7 to 9). RNA isolated from naive cells served as a negative control (lane 6). To confirm that the half-life of HCV RNA is comparable in HuH6 and Huh-7 cells, we treated both replicon cell lines with a nonnucleosidic inhibitor of NS5B. Again, the antiviral treatment reduced the amount of replicon RNA in both cell lines, but this time, we observed a 24-h delay in HuH6 cells. Of note, a similar delay was found with another nonnucleosidic NS5B inhibitor (data not shown). We cannot exclude that the observed differences in the kinetic of virus inhibition are a consequence of differing drug uptake and/or metabolism, but it is also conceivable that these nonnucleosidic inhibitors interfere with the activity of newly formed replication complexes rather than affecting the activity of existing ones. This hypothesis is in line with recent findings of Ma et al., who reported that three different nonnucleosidic, NS5B-specific inhibitors failed to inhibit RNA synthesis by native replicase complexes isolated from replicon cells at concentrations 1,000-fold higher than the concentrations required for half-maximal inhibition of recombinant NS5B (36) . Nevertheless, after a 24-h treatment with these nonnucleosidic inhibitors, the amount of replicon RNA decreased with a similar slope in both cell lines, which confirms our earlier finding that HCV RNAs have a comparable degree of stability in HuH6 and Huh-7. Taken together, these data support the idea of ongoing HCV RNA replication in nondividing HuH6 cells.
IFN-␥ does not block HCV RNA replication in HuH6 cells. The fact that replicons could be removed from HuH6 replicon cells by IFN-␣ already implied that HCV replication in these cells is sensitive to type I IFNs. To further substantiate this finding, we determined the IFN-␣ sensitivity of HCV replication in HuH6 in comparison to Huh-7 cells. To that end, we incubated HuH6 Con1 replicon cells with various IFN-␣2 concentrations ranging from 0.5 to 100 IU/ml. Three days later, total RNA was prepared and replicon RNA copy numbers were determined by quantitative, real-time RT-PCR. As expected, IFN-␣2 reduced the amount of HCV RNAs in a dosedependent manner with a 50% inhibitory concentration (IC 50 ) of about 5 to 10 IU/ml (Fig. 6A) , which is similar to what has previously been described for Huh-7 cells (5). Next, we treated HuH6 Con1 replicons cells with IFN-␥. Surprisingly, even doses of up to 100 U/ml did not affect the HCV RNA copy number (Fig. 6B ). This observation is at variance to the strong inhibitory activity of IFN-␥ in Huh-7 cells (9, 14) . To determine whether higher doses of IFN-␥ or longer incubation periods with the cytokine were required to block replication in HuH6 cells, we first performed a time course experiment. HuH6 Con1 replicon cells and Huh-7 cells of clone 9-13 (containing the Con1 replicon I 377 Neo/NS3-3Ј) were incubated with 1,000-IU/ml IFN-␥; at several time points after the start of treatment, the number of replicon RNAs was determined by Northern hybridization (Fig. 6C and D) . A quantification of the hybridization signals revealed that the HCV RNA copy number in HuH6 cells hardly changed during the course of the experiment, whereas IFN-␥ reduced viral RNA levels in Huh-7 cells by Ͼ90% (Fig. 6E) . Analogous results were obtained when HCV RNA levels were quantified by real-time RT-PCR and cells were incubated for 96 h with IFN-␥ (data not shown).
Next, we addressed the question whether the observed IFN-␥ resistance is a property of Con1 replicons only or holds true for replicons of different genotypes. A genotype 2a replicon cell pool was established after transfection of JFH-1 replicon I 389 Neo/NS3-3Ј/wt into naive HuH6 cells and the selection of ϳ600 cell clones. As expected, an IFN-␣ treatment purged the majority of JFH-1 replicons from HuH6 cells (data not shown). However, when we incubated HuH6 JFH-1 replicon cells with 1,000-IU/ml IFN-␥, we found that this treatment did not result in significantly lower HCV RNA levels, even after a 192-h treatment (Fig. 6F) . In contrast, an almost 2-log difference was observed between the HCV RNA copy numbers of Huh-7 replicon cells that had been treated with IFN-␥ and those that had been mock treated. The results demonstrate that the resistance of HCV replicons in HuH6 to IFN-␥ is not a short-term phenomenon and does not depend on the viral genotype.
Antiviral response to IFN-␥ is not generally impaired in HuH6 cells. IFNs exert most of their biological functions through Jak/STAT signaling pathways. A key element in the pathway elicited by IFN-␥ is the phosphorylation and nuclear translocation of STAT1. In line with this, we found that endoribonuclease-prepared small interfering RNA-mediated silencing of STAT1 expression restores HCV replication in Huh-7 cells treated with IFN-␥ (U. Zeuge and M. Frese, unpublished data). Therefore, defective Jak/STAT signaling might well explain the incompetence of HuH6 cells in inhibiting HCV replication upon IFN-␥ stimulation. To analyze the integrity of the Jak/STAT signaling pathway, naive HuH6 cells were treated for 24 h with 1,000-IU/ml IFN-␥, fixed, and analyzed by STAT1-specific immunofluorescence staining. Clearly, the IFN-␥ treatment led to an enhanced expression of STAT1, accumulating almost exclusively in the nucleus (Fig. 7A) , as was the case with Huh-7 cells (Fig. 7B) . In a side-by-side experiment, we treated both replicon cell lines with 1,000-IU/ml IFN-␣2, which in both cases also led to a nuclear accumulation of STAT1 (data not shown). These results indicate that both HuH6 and Huh-7 cells possess functional Jak/STAT signaling pathways. A hallmark of IFNs is their ability to upregulate the expression of specific genes (18, 47) . To check whether HuH6 cells respond to IFNs not only by the nuclear accumulation of STAT1 but also by a selective enhancement of gene expression, we stimulated the cells with 1,000-IU/ml of either IFN-␣2 or IFN-␥ for 24 h and measured the effect of this treatment on the transcript concentrations of 15 IFN-regulated genes by quantitative, real-time RT-PCR. Among these were genes encoding constituents of intracellular signaling pathways (e.g., STAT1), effector proteins with antiviral activities (e.g., MxA, OAS, and PKR), and a cytokine signaling at the interface between the innate and adaptive immune system (IP10). In agreement with the enhanced expression of STAT1 in IFNtreated HuH6 cells (Fig. 7) , we found that both IFNs enhanced the synthesis of STAT1 mRNAs and those of several other IFN-regulated genes ( Table 2 ). In addition, we analyzed Huh-7 cells for their cellular response to IFN-␣ and IFN-␥. A comparison of the IFN-induced changes in the gene expression of HuH6 and Huh-7 cells revealed that both cell lines showed a very similar response to IFNs, although some differences existed (Table 2) . For example, the number of MxA and IP10 mRNAs was relatively low in HuH6 cells, whereas the same cells contained an increased number of IFI-27 transcripts. Given the different origin and history of both cell lines (Table 1) cells. In this experiment, we followed the transcript levels of five genes that are preferentially induced either by IFN-␣ (MxA and OAS1), by IFN-␥ (GBP1 and IP10), or by both IFN types (STAT1). Cells were treated with IFNs, and mRNA levels were quantified 24 h later as described in the previous paragraph. We observed that both replicon cell lines displayed an IFN response very similar to that of naive cells (Table 3) . In HuH6 cells with HCV replicons, however, we measured a slightly increased baseline mRNA concentration for four out of five genes, indicating that the presence of virus RNA and/or proteins did not completely escape the attention of the cell's innate immune system. Since the concentrations of some IFNinduced mRNAs peaked earlier than 24 h after IFN stimulation, we performed an additional quantitative, real-time RT-PCR analysis in which we determined the concentration of GBP1, G1P2, IFI-T4, OAS1, and STAT1 mRNAs in HuH6 and Huh-7 cells with and without Con1 replicons. After 8 h of IFN treatment, we measured sometimes higher concentrations of IFN-induced mRNAs than we had detected after 24 h of treatment (for details, see the supplemental material). Nevertheless, the outcome of this experiment confirms that HuH6 cells possess intact IFN signaling pathways.
To test the capability of HuH6 cells of establishing a protective antiviral state in response to IFNs, we treated naive cells with either IFN-␣2 or IFN-␥ (each, 1,000 IU/ml) and challenged them with different concentrations of variant FPV-B of FLUAV (family Orthomyxoviridae) or SFV (family Togaviridae). Virus plaque inhibition assays revealed that both IFNs inhibited the multiplication of these viruses in HuH6 cells, with IFN-␣2 being more potent than IFN-␥ (Fig. 8A and B) . Huh-7 cells that were also included in the experiment were found to be generally more susceptible to viral infections, and their IFN-induced antiviral response to viruses unrelated to HCV was less effective than that of HuH6 cells (Fig. 8C and D) . To corroborate these findings, we analyzed the induction of an antiviral state by IFN-␣2 and IFN-␥ in HuH6 replicon cells. Similar to what has been described for naive cells, both IFNs largely inhibited the multiplication of SFV (data not shown). Taken together, the findings indicate a particular defect in the IFN-induced antiviral response of HuH6 cells, which allows an unhindered replication of HCV RNAs in the face of a seemingly otherwise-uncompromised antiviral state.
DISCUSSION
Initially, only Huh-7 cells were found to support HCV RNA replication (5, 20, 33) (1) . By using a JFH-1 replicon that replicates efficiently in Huh-7 cells without the need for adaptive mutations, even more cell lines with persistent HCV replication could be established (10, 26, 27) . In this study, we show that both Con1 and JFH-1 RNAs replicate in the human hepatoblastoma cell line HuH6 with an efficiency that is high enough to allow transient replication assays. This is a remarkable finding, because the detection of transient HCV replication in a cell line other than Huh- 7 has not yet been reported.
In Huh-7 cells, adaptive mutations are an important prerequisite for efficient replication of Con1 RNAs (5, 34) . Here, we show that the same is true for HuH6 cells. Wild-type Con1 replicons replicated poorly in HuH6 cells, but HCV replication could be enhanced by the introduction of mutations known to increase replication in Huh-7 cells. Even the order of efficiency by which these mutations enhanced HCV replication in HuH6 cells exactly reflects the one previously observed in Huh-7 cells (32). These findings suggest that HuH6 and Huh-7 cells provide a similar environment for HCV replication, a hypothesis that is in line with the fact that we failed to detect any celltype-specific adaptive mutations in HuH6 Con1 cells.
On the other hand, remarkable differences exist in the ability of HuH6 and Huh-7 cells to support HCV replication in resting cells. It has previously been shown that HCV RNA levels rapidly decrease in confluent Huh-7 replicon cells (20, 45) . In this paper, we report that subconfluent Huh-7 replicon cells which had been arrested in the G 1 phase of the cell cycle also rapidly lost their HCV RNAs (Fig. 4C and D) . These findings are consistent with the earlier observations of Honda and colleagues who reported that the HCV IRES activity in Huh-7 cells varied during the cell cycle (22) . By using stably transfected cells that expressed a bicistronic reporter construct, the authors showed that HCV translation was greatest in the synthetic and mitotic phase of the cell cycle and lowest in the quiescent G 0 phase of resting cells. These findings are in line with the more recent observation that an enhanced expression of the La protein or the polypyrimidine tract binding protein may not only correlate with regeneration of hepatocytes in chronic hepatitis C patients but may also stimulate HCV translation (23) . Furthermore, it has been noted that confluent HeLa cells contain amounts of HCV RNAs similar to the amounts found in subconfluent ones (58) , which has led to the It has previously been demonstrated that both IFN-␣/␤ and IFN-␥ efficiently terminate HCV replication in Huh-7 cells (5, 9, 13, 14, 42, 46) . It is widely assumed that IFNs exert most, if not all, of their direct antiviral activities through the induction of effector proteins. Some of these are preferentially induced by IFN-␣/␤ (e.g., Mx proteins), IFN-␥ (e.g., GBP proteins), or by all IFNs (e.g., PKR). In several publications, it has been suggested that PKR plays a prominent role in IFN-induced inhibition of HCV replication, but these reports are controversial (4). Furthermore, it has been reported that HCV RNAs are sensitive to the OAS/RNase L degradation pathway (48) and to RNA editing performed by an adenosine deaminase acting on RNA (49), but details have not yet been elucidated.
Based on the present finding that IFN-␣ but not IFN-␥ inhibits HCV RNA replication in HuH6 cells, one might speculate that the innate immune response against HCV relies on more than one effector protein. According to the model depicted in Fig. 9, IFN sequence, or caused mRNA instability. In this context, it is interesting to note that IFN-␥ induces Ͼ100 fold the number of MxA mRNAs in Huh-7 than in HuH6 cells (Table 3) . MxA is a cytoplasmic GTPase with strong antiviral activities against a variety of positive-and negative-stranded RNA viruses (21) . However, it has been shown that constitutive expression of MxA does not inhibit subgenomic HCV replicons and that the expression of a dominant-negative MxA mutant does not restore HCV replication during IFN-␣ treatment (13) . These earlier observations are in line with the present finding that IFN-␣ inhibits HCV replication in Huh-7 and HuH6 cells with a similar IC 50 (3 to 5 and 5 to 10 IU/ml, respectively), although the former synthesizes nearly 75-fold-more MxA mRNAs in response to IFN-␣ than the latter (Table 3) .
Although we favor the idea that IFN-␣ and IFN-␥ induce the expression of different effector proteins, it is also possible that the innate immune response in humans relies on a single HCVspecific effector that is expressed in response to both types of IFNs. In this case, however, it must be postulated that the genome of HuH6 cells carries a mutation in the promoter region of that effector gene which would specifically affect its responsiveness to IFN-␥. According to another model, HuH6 and Huh-7 cells may express a similar or even identical set of IFN-induced effector proteins, targeting at least two different steps of the viral life cycle. Such a scenario would imply that IFN-␥ targets a viral replication step that somehow is less accessible to effector proteins. Interestingly, HuH6 replicon cells showed a delayed response to two different nonnucleosidic, NS5B-specific antiviral compounds, which might be a consequence of highly compact or otherwise shielded viral replication complexes. Further studies are required to determine why HuH6 cells cannot purge themselves from HCV RNAs in response to IFN-␥. To determine whether the cells are impaired in the expression of a pivotal IFN-induced effector gene, we performed a detailed transcriptome analysis by using cDNA microarrays. The data are currently being screened for effector transcripts that are differentially expressed in HuH6 and Huh-7 cells.
Taken together, HuH6 cells represent a valuable new host cell line for HCV replicons. Compared to Huh-7 cells, HCV RNA replication in HuH6 cells follows some unexpected rules. First, viral RNA levels do not decrease in confluent cells or in those that had been treated with a cell cycle inhibitor. Second, HCV replication is less sensitive to certain antiviral compounds, which may enable critical drug reevaluations. Third, IFN-␥ does not inhibit HCV replication. Thus, HuH6 cells provide an environment in which HCV RNAs can persist despite drastic changes in host cell metabolism. In this context, it is interesting to mention that HuH6 cells are not the only ones unable to inhibit HCV replication in response to IFN-␥. We recently established persistent JFH-1 replication in HeLa, HepG2, and WRL-68 cells (WRL-68 cells are a human embryonic hepatocarcinoma cell line). In a first series of experiments, we found that HeLa and HepG2 cells were unable to inhibit HCV replication after IFN-␥ stimulation, whereas WRL-68 cells behaved like Huh-7 cells and efficiently blocked HCV replication in a dose-dependent manner with an IC 50 of approximately 1 IU/ml (unpublished data). Experiments to determine the molecular basis for the observed differences in the IFN-␥ sensitivity of HCV replication in the different cell lines are under way.
